Preparation of a quantum state with one molecule at each site of an optical lattice 
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Ultracold gases in optical lattices are of great 
interest, because these systems bear a great po- 
tential for applications in quantum simulations 
and quantum information processing, in par- 
ticular when using particles with a long-range 
dipole-dipole interaction, such as polar molecules 
[2? HL HL SI, H|] • Here we show the preparation of a 
quantum state with exactly one molecule at each 
site of an optical lattice. The molecules are pro- 
duced from an atomic Mott insulator [6] with a 
density profile chosen such that the central region 
of the gas contains two atoms per lattice site. A 
Feshbach resonance is use d to as s ociate the atom 
pairs to molecules 0, @, H, H EL EH B Hi • Re- 
maining atoms can be removed with blast light 
|l3L Il5l |. The technique does not rely on the 
molecule-molecule interaction properties and is 
therefore applicable to many systems. 

A variety of interesting proposals for quantum informa- 
tion processing and quantum simulations [3, 0, 0, 0] re- 
quire as a prerequisite a quantum state of ultracold polar 
molecules in an optical lattice, where each lattice site is 
occupied by exactly one molecule. A promising strategy 
for the creation of such molecules is based on association 
of ultracold atoms using a Feshbach resonance or pho- 
toassociation and subsequent transfer to a much lower 
ro-vibrational level using Raman transitions (l6| . If the 
molecule-molecule interactions are predominantly elastic 
and effectively repulsive, then a state with one molecule 
per lattice site can finally be obtained using a quantum 
phase transition from a superfluid to a Mott insulator 
by ramping up the depth of an optical lattice Q. How- 
ever, many molecular species do not have such convenient 
interaction properties, so that alternative strategies are 
needed. Here, we demonstrate a technique that is inde- 
pendent of the molecule-molecule interaction properties. 
The technique relies on first forming an atomic Mott in- 
sulator and then associating molecules. Several previous 
experiments Tl, UGH Ell H3] associated molecules in an 
optical lattice, but none of them demonstrated the pro- 
duction of a quantum state with exactly one molecule per 
lattice site. Another interesting perspective of the state 
prepared here is that after Raman transitions to the ro- 
vibrational ground state, one could lower the lattice po- 
tential and obtain a Bose-Einstein condensate (BEC) of 
molecules in the ro-vibrational ground-state [2l|, [22J ■ 

The behavior of bosons in an optical lattice is described 
by the Bose- Hubbard Hamiltonian [23(. The relevant 
parameters are the amplitude J for tunneling between 
neighboring lattice sites and the on-site interaction ma- 




FIG. 1: Scheme of the molecular n = 1 state. In the core 
of the cloud, each lattice site is occupied by exactly n = 1 
molecule (shown in green). In the surrounding shell, each site 
is occupied by exactly one atom (shown in red). The atoms 
can be removed with a blast laser. In the experiment, the 
number of occupied lattice sites is much larger than shown 
here. 



trix element U. We create a Mott insulator [6( of atomic 
87 Rb starting from an atomic BEC in an optical dipole 
trap by slowly ramping up the depth of the optical lattice 
(see Methods). The typical lattice depth [6[ seen by an 
atom is Vq — 24E r , where E r = h 2 k 2 /(2m) is the recoil 
energy, m is the mass of one atom, and 2it/k — 830 nm is 
the wavelength of the lattice light. At this lattice depth, 
the atomic tunneling amplitude is J = 2Tih x 4 Hz. 

Due to the external harmonic confinement (see Meth- 
ods), the atomic Mott insulator is inhomogeneous. It 
consists of shells of constant lattice filling with exactly 
n particles per lattice site. Neighboring shells are con- 
nected by narrow superfluid regions. For a deep lat- 
tice, J becomes small. With the approximation J = 0, 
the ground state of the system including the harmonic 
confinement can be calculated analytically. This model 
predicts that the fraction of atoms occupying sites with 
n = 2 atoms has a maximum of 53%. This value should 
be reached, when operating close to the point where a 
core with n = 3 atoms per site starts to form. In order to 
operate at this point, we load the lattice with N = 10 5 
atoms. For larger atom number, an n = 3 core forms, 
which is seen in the experiment as loss when associating 
molecules (see below). 

After preparing the atomic Mott insulator at a mag- 
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FIG. 2: Atomic Mott insulator and molecular n = 1 
state, a An atomic Mott insulator is melted by reducing the 
lattice depth slowly. The system returns to the superfluid 
phase and phase coherence is restored. This phase coherence 
is probed by quickly switching the lattice off and observing 
an atomic interference pattern in time of flight, b After as- 
sociation of molecules, only lattice sites occupied by n — 1 
atoms contribute to the signal, c After association and dis- 
sociation of molecules, the satellite peaks are much stronger 
than in b, thus proving that the molecular part of the cloud 
was in a molecular n = 1 state, d. Pure molecular n — 1 
state. Same as c but between association and dissociation, re- 
maining atoms were removed with blast light. The visibilities 
in a-d are 0.93(2), 0.80(5), 0.86(1), and 0.61(2), calculated 
from squares with areas corresponding to atomic momenta of 
0.22ftfe x 0.22hk (see inset in Fig.|3]and Ref. [H). 



netic field of B — 1008.8 G, molecules are associated as 
described in Ref. [9(. To this end, the magnetic field 
is slowly (at 2 G/ms) ramped across the Feshbach reso- 
nance at 1007.4 G 241] to a final value of B = 1006.6 G. 
At lattice sites with a filling of n = 1, this has no ef- 
fect. At sites with n > 1, atom pairs are associated 
to molecules. If the site contained n > 2 atoms, then 
the molecule can collide with other atoms or molecules 
at the same lattice site. As the molecules are associ- 
ated in a highly-excited ro-vibrational state, the colli- 
sions are likely to be inelastic. This leads to fast loss of 
the molecule and its collision partner from the trap. The 
association ramp lasts long enough to essentially empty 
all sites with n > 2 atoms. For lattice sites with n — 2 
atoms, the association efficiency is above 80%, similar to 
Ref. [15| . The resulting molecular n = 1 state is sketched 
in Fig. [TJ The maximum fraction of the population that 
can be converted into molecules (measured as the atom 
number reappearing after dissociation) is found to be 
47(3)%, which is close to the theoretical limit of 53% 
discussed above. 

At a lattice depth of Vb = 24E r for atoms, the tun- 



neling amplitude for molecules is calculated to be J m = 
2itTi x 0.3 mHz. This is negligible compared to the hold 
time between association and dissociation, so that the 
positions of the molecules are frozen. This conclusion is 
further supported by the experimental observation of a 
long lifetime of the molecules (see below). 

In order to show that the molecular part of the sample 
really is in the n = 1 state, the molecules are first dissoci- 
ated back into atom pairs by slowly (at 1.5 G/ms) ramp- 
ing the magnetic field back across the Feshbach reso- 
nance. This brings the system back into the atomic Mott 
insulator state with shells with n = 1 and n — 2. Then, 
the atomic Mott insulator is melted by slowly (within 
10 ms) ramping down the lattice from Vq — 24E r to 
Vb = 4:E r . Finally, the lattice is quickly switched off and 
after some time of flight an absorption image is taken. 

Such images are shown in Fig. O Part a shows the 
result if the magnetic-field ramp for association and dis- 
sociation of molecules is omitted. This matter-wave in- 
terference pattern shows that phase coherence is restored 
when ramping down the lattice, thus demonstrating that 
an atomic Mott insulator is realized at 1008.8 G. Part 
b shows the pattern obtained if molecules are associ- 
ated but not dissociated, so that they remain invisible 
in the detection. This signal comes only from sites with 
n = 1 atoms. Part c shows the result obtained for the full 
sequence with association and dissociation of molecules. 
Obviously, the satellite peaks regain considerable popula- 
tion compared to b, which proofs that after dissociation, 
we recover an atomic Mott insulator. This shows that as- 
sociation and dissociation must have been coherent and 
adiabatic. Combined with the freezing of the positions 
of the molecules and the fact that the association starts 
from an atomic Mott insulator with an n = 2 core, this 
implies that the molecular part of the cloud must have 
been in a quantum state with one molecule per lattice 
site. 

After associating the molecules, remaining atoms can 
be removed from the trap using microwave radiation and 
a blast laser as in Ref. 15j . This produces a pure molec- 
ular sample. The molecule numbers before and after the 
blast are identical within the experimental uncertainty of 
5%. In order to show that the pure molecular sample is 
in the n = 1 state, the molecules are dissociated, the lat- 
tice is ramped down to Vq = 1.2E r within 30 ms, ramped 
back up (see Methods) to Vb = QE r within 5 ms, and fi- 
nally switched off. The result is shown in Fig. [2jl. Again, 
an interference pattern is visible. The time of flight was 
12 ms in a-c and 11 ms in d. 

The height of the satellite peaks can be quantified us- 
ing the visibility defined in Ref. (25|. Fig. [3] shows the 
decay of the visibility as a function of the hold time 
between molecule association and dissociation. These 
data were obtained from measurements as in Fig. [2)1 ex- 
cept that after dissociation the lattice was ramped down 
to Vb = 2.8E r within 10 ms and ramped back up to 



3 




0.20 



0.15 




100 150 
hold time (ms) 



FIG. 3: Lifetime of the molecular n = 1 state after 
removing the atoms. The visibility of the satellite peaks 
in measurements similar to Fig. [2]i decays as a function of the 
hold time between molecule association and dissociation. The 
visibility was calculated from squares (as shown in the inset) 
with areas corresponding to atomic momenta of l.Ofifc x l.Ofifc. 
The line shows an exponential fit which yields a 1/ e- lifetime of 
93(22) ms. Error bars are statistical (one standard deviation). 



Vq = 5.5E r within 4 ms. The observed lifetime of the 
visibility is sufficient for many applications. For com- 
parison, the measured lifetime of the molecule number is 
160(20) ms, which is probably due to scattering of lattice 
photons [15j. This molecule loss sets an upper limit on 
the lifetime of the visibility, because the sites at which 
molecules are lost are randomly distributed across the 
lattice, thus gradually destroying the molecular n = 1 
state. According to the fit, the visibility settles to an 
offset value of 15%. This might be partly due to the fact 
that the Wannier function [25| for small lattice depth is 
not spherically symmetric and partly due to a small con- 
tribution of non-removed atoms because of imperfections 
of the blast laser (15% of the total signal at zero hold 
time) . 

Figure 0] shows the excitation spectrum of the atomic 
Mott insulator at Vb = l5E r (J = 2ttH x 21 Hz, J m = 
2nh x 14 mHz) as measured by amplitude modulation of 
one lattice beam [26|. The spectrum in Fig. |3h shows 
clear resonances at energies U and 2U . Below the first 
resonance, no noticeable excitations are created, show- 
ing that the excitation spectrum has a gap. This again 
shows that the system before molecule association is an 
atomic Mott insulator. In Fig.0}}, the signal at 2U essen- 
tially disappeared, because the signal at 2U is created by 
processes that require lattice sites with n > 2 atoms [6j, 
which are absent without the modulation. The spectrum 
in Fig. HJ: is similar to the one in Fig. Resonances at 
U and 2U are clearly visible in Fig. 2):. This gives further 
experimental support for the above conclusion that the 
system after the association-dissociation ramp is still an 
atomic Mott insulator. 

We also measured the excitation spectrum at various 
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FIG. 4: Excitation spectrum of the atomic Mott in- 
sulator. The full width at half maximum of the central in- 
terference peak is shown as a function of the frequency at 
which the lattice depth is modulated. The results in parts a- 
c correspond to the conditions of Fig. [2^i-c. First, the usual 
lattice ramp-down starting at Vb = 24£V is interrupted at 
Vb = 15E r . Next, the power of one lattice beam is modulated 
for 11 ms with a peak-to-peak amplitude of 50%. Finally, the 
lattice ramp-down continues as usual. Resonances are visible 
at 1.6 and 3.2 kHz. The lines are a guide to the eye. Error 
bars are statistical. 



lattice depths for the molecular n = 1 state after remov- 
ing the atoms, corresponding to Fig. [^ji. This spectrum 
does not show any resonances related to U. We only ob- 
serve resonances at much higher frequencies due to band 
excitation. The absence of resonances related to U is 
probably due to the short lifetime of two molecules at one 
lattice site (see Methods), which leads to an estimated 
resonance width of V = 2irh x 10 kHz. This is too broad 
and consequently too shallow to be observed. Further- 
more, the real part of the molecule-molecule scattering 
length is unknown. Hence, it is also unknown whether 
the molecular n = 1 state created here has a gap, and if 
so, at what energy the first resonance should be expected. 

In the experiment T 3> J m , so that the effective tun- 
neling rate between neighboring lattice sites is 4 J^/ (HT) 
271 ] . Interestingly, fast on-site decay T suppresses the 
mobility in the many-body system. This might lead to 
an insulator-like behavior without a gap. 

In conclusion, we prepared a quantum state with ex- 
actly one molecule at each site of an optical lattice. It 
is an interesting question, whether gapless systems can 
have insulating properties due to fast on-site losses. The 
quantum state prepared here is exactly the state that 
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a molecular Mott insulator has in the limit of negligi- 
ble tunneling. Unlike the creation of a molecular Mott 
state by a quantum phase transition from a molecular 
BEC, our method works independently of the molecule- 
molecule interaction properties. 

METHODS 
Dipole trap setup 

The experiment begins with the creation of a BEC of 
87 Rb atoms in a magnetic trap ;24|. Once created, the 
BEC is transferred into an optical dipole trap which is 
created by crossing two light beams at right angles. One 
beam has a wavelength of 1064 nm, a power of 170 mW, 
and a waist (1/e 2 radius of intensity) of 140 /im. The 
other beam has a wavelength of 1050 nm, a power of 
2.1 W, and an elliptically shaped focus with waists of 
60 /im and 700 /im. The crossed-beam dipole trap creates 
an approximately harmonic confinement with measured 
trap frequencies of 20, 20, and 110 Hz. The strongest 
confinement supports the atoms against gravity. After 
loading the dipole trap, a magnetic field of approximately 
1000 G is applied. The atoms are transferred [28| to the 
absolute ground state \F = l,mp = 1), which has a 
Feshbach resonance at 1007.4 G with a width of 0.2 G 
28l 29[. The dipole-trap light at 1050 nm comes from a 
multi-frequency fiber laser with a linewidth of ~ 1 nm. 
The experiment shows that this causes fast loss of the 
molecules, presumably due to photodissociation. There- 
fore, the power of the dipole-trap light is slowly reduced 
to zero just before associating the molecules and slowly 
ramped back up to its original value just after dissociat- 
ing them. Finally, the dipole trap and the optical lattice 
are switched off simultaneously. 

Lattice setup 

A simple-cubic optical lattice is created by illuminat- 
ing the BEC with three retro-reflected light beams with 
a waist of 140 /urn. The finite waists of the lattice 
beams give rise to an additional overall confinement. For 
Vq = 15E r , this corresponds to an estimated trap fre- 
quency of 50 Hz. This harmonic potential adds to the 
potential of the dipole trap. Note that the polarizability 
of a Feshbach molecule is approximately twice as large as 
for one atom. Hence, the molecules experience a lattice 
depth of 2V . 

Ramping for conditions used in Fig. [2ji 
To understand why a special ramping procedure is 
needed for Fig. [2ji, consider the atomic Mott insulator 
obtained after dissociating the molecules. This Mott in- 
sulator has only the n = 2 core, while the surrounding 
n = 1 shell is missing. Now consider two atoms at an 
n = 2 site. If one of the atoms tunneled to an empty 
neighboring lattice site, then this would release an en- 
ergy U. But there is no reservoir that could absorb this 
energy so that the tunneling is suppressed [HSj . Hence, a 
strong reduction of U is required to melt the pure n = 2 
Mott insulator. This can be achieved by ramping the 



lattice down to a point much below Vq = 4E r (or by re- 
ducing the scattering length). At this low lattice depth, 
the sudden switch-off of the lattice does not produce no- 
ticeable satellite peaks. To observe such peaks, the lattice 
therefore must be ramped back up before switching it off. 

Inelastic collisions 

If one considers only lattice sites which are occupied 
by exactly two molecules, and if tunneling is negligible, 
then the sites will decay independently of each other. 
Hence, the total population of these sites will decay ex- 
ponentially. We measured the rate coefficient for inelastic 
molecule-molecule collisions. At Vq = 15 E r , this leads 
to an estimated lifetime of 16 /is. 
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